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ABSTRACT 
Assembling metamolecules from anisotropic, shape-engineered nanocrystals provides the 
opportunity to orchestrate distinct optical responses one nanocrystal at a time. The Au nanorod 
has long been a structural archetype in plasmonics, but nanorod assemblies have largely been 
limited to end-to-end or side-to-side arrangements, accessing only a subset of potential 
metamolecule structures. Here, we employ triangular templates to direct the assembly of Au 
nanorods along the edges of an equilateral triangle. Using spatially-resolved, darkfield scattering 
spectroscopy in concert with numerical simulation of individual metamolecules, we map the 
evolution in surface plasmon resonances as we add one, two, and three nanorods to construct 
triangular nanorod assemblies. The assemblies exhibit rotation- and polarization-dependent 
hybridized plasmon modes, which are sensitive to variations in nanorod size, position, and 
orientation that lead to geometrical symmetry breaking. The triangular arrangement of nanorods 
supports magnetic plasmon modes where electric fields are directed along the perimeter of the 
triangle and the magnetic field intensity within the triangle’s open interior is enhanced. 
Circumferential displacements of the nanorods within the templates impart either a left- or right-
handed sense of rotation to the structure, which generates a chiroptical response under 
unidirectional oblique illumination. Our results represent an important step in realizing and 
characterizing metamaterial assemblies with “open” structures utilizing anisotropic plasmonic 
building blocks, with implications for optical magnetic field enhancement and chiral plasmonics. 
  
  
Plasmonic oligomers inspired by nature’s molecular building blocks continue to draw 
interest as a pathway toward optical metamaterials that interact with light in extraordinary 
ways.1–3 While the properties of oligomers composed of spherical nanocrystals have been 
explored extensively,4–8 arrangements of high-aspect-ratio nanocrystals beyond variations of 
simple end-to-end and side-to-side configurations have received far less treatment. The inherent 
anisotropy of nanorods (NRs), however, unlocks additional avenues for engineering the 
collective plasmonic response in unconventional classes of oligomers, such as those with “open” 
(rather than close-packed) interiors. A triangular arrangement of NRs, in particular, has been 
proposed as an important structural unit for forming assemblies with magnetic–magnetic 
hybridized plasmon modes and all-magnetic Fano interferences.9 The optically-induced 
amplified magnetic field intensity within the triangle also offers a promising route to enhance 
magnetic dipole transitions10–12 in luminescent materials. Furthermore, in contrast to a triangular 
arrangement of spheres, in a NR trimer the mirror symmetry can be broken while retaining 
rotational symmetry, generating planar chiral enantiomers with potential chiroptical properties. 
Developing chiral metamaterials remains an active research area, motivated by applications 
including chiral catalysis,13 high-sensitivity DNA detection,14,15 and enantioselective sensing of 
chemical analytes.16  
While nanospheres often form trimers during random self-assembly because of their 
close-packed structure,4 NRs more often assemble in side-to-side and end-to-end arrangements 
with a distribution of inter-rod angles.17–22 To achieve the necessary control to obtain triangular 
configurations of Au NRs, here we utilize template-assisted self-assembly8,23–25 to direct the NR 
arrangement. Then, using spatially-resolved, darkfield scattering spectroscopy of individual NR 
assemblies, we map the progression of plasmon modes as the structure evolves to encompass 
  
one, two, and three NRs. In conjunction with numerical simulations, we elucidate the 
orientation- and polarization-dependent plasmon modes under linearly and circularly polarized 
excitation. We show that the open NR triangle supports both electric dipole and magnetic dipole 
modes that appear as distinct features in the darkfield scattering spectra, as well as enhanced 
magnetic field intensity within the triangle’s interior. The assembly process forms trimers with 
left-handed and right-handed senses of rotation, which manifests as a differential response to 
light with oppositely-handed circular polarization. Our experimental realization of open-interior 
NR oligomers with distinct optical and chiroptical responses points toward engineering further 
NR structures with increasing complexity and functionality.  
RESULTS AND DISCUSSION 
We design templates in the shape of an equilateral triangle to assemble Au NRs into 
triangular arrangements. As shown in Figure 1, configurations consisting of one, two, and three 
Au NRs assembled along the edges of a triangular template are formed. The templates are 
defined as recessed topographical features in poly(methyl methacrylate) (PMMA) and are 
patterned using electron-beam lithography. The template dimensions are tailored so that each 
side of the triangle accommodates a single Au NR. A transmission electron microscopy (TEM) 
image of the Au NRs, which have an average length of 110 ± 8 nm and diameter of 22 ± 3 nm 
(aspect ratio 5:1), is given in Supporting Information Figure S1a. The Au NRs support localized 
surface plasmon resonances along their longitudinal and transverse axes, which appear as peaks 
in their extinction spectrum at 915 nm and 510 nm, respectively (Supporting Information Figure 
S1b).  
  
 
Figure 1. Assembly of one, two, and three Au nanorods along the edges of triangular templates. 
(a) Schematic representation. (b) Scanning electron microscopy (SEM) images, shown after 
resist liftoff.  
The Au NRs are assembled into the triangular templates using a capillary assembly 
method26 previously demonstrated by our group for the assembly of Au NRs27 and Au 
nanocrystals.28 Briefly, an aqueous suspension of Au NRs is dispensed between the templated 
substrate and a fixed glass slide, and as the substrate is translated by a motorized stage, capillary 
forces at the liquid meniscus direct the Au NRs to assemble within the templates. The triangular 
template geometry favors NR assembly along the sidewalls, as this orientation provides the 
maximum amount of space to accommodate the length of the NR. A distribution in the number 
of NRs per template is observed among the many templates on the substrate. A wide-field SEM 
image comprising 16 template sites is provided in Supporting Information Figure S2, along with 
a statistical description of the assembly yield for structures with different numbers of NRs. While 
we focus here on generating only a sufficient quantity of each type of structure as needed for 
spectroscopic measurements (with yields <10%), the experimental conditions can be optimized 
to promote a greater yield and selectivity for each structure. The template dimensions, NR 
concentration, substrate translation speed, and ambient temperature are all important parameters 
that may be tuned. In addition, performing multiple assembly passes on the same substrate may 
  
be useful for improving yield; here, we use two sequential assembly steps. Following assembly, 
liftoff in acetone removes the patterned PMMA resist layer, leaving behind Au NR assemblies at 
precise locations on the sample surface. Additional details about the assembly process are 
provided in the Methods section below. 
The assemblies are characterized structurally using SEM; then, the correlated optical 
properties of individual Au NR structures are probed using spatially-resolved, darkfield 
scattering spectroscopy.28 The scattering spectra are first measured under two conditions of 
linear polarization, as depicted in Supporting Information Figure S3. Broad-band light passing 
through a linear polarizer is focused obliquely on the sample at an elevation angle of 10°, and the 
light scattered normal to the sample surface is collected by the microscope objective. The 
numerical aperture of the objective (N.A. = 0.65) is chosen such that the direct reflection of the 
incident beam is excluded from collection, establishing a darkfield measurement geometry. The 
scattered light is routed to a spectrometer for detection by an optical fiber, whose 100 μm core 
spatially restricts the corresponding collection area on the sample surface to a region 
approximately 2 μm in diameter. Because the individual templates are positioned in an array with 
a spacing of 10 μm, the scattering spectrum from an individual Au NR structure can be obtained. 
By orienting the linear polarizer either parallel to the substrate surface or with a 90° rotation, 
conditions of s-polarization and p-polarization are established, respectively. As illustrated in 
Supporting Information Figure S3b, under p-polarization the incident electric field is oriented 
primarily out of the plane of the substrate (with a small in-plane component), while under s-
polarization the incident electric field is completely parallel to the plane of the substrate.  
To understand the collective plasmonic response of the Au NR trimer, we consider how 
the scattering spectrum evolves as the configuration is constructed one Au NR at a time. Figure 
  
2 presents individual scattering spectra from one, two, and three Au NRs assembled along the 
edges of triangular templates. For the single Au NR, a strong scattering feature is present at 
around 900 nm, resulting from excitation of the longitudinal surface plasmon resonance. The 
position of the resonance is similar to that in the solution-phase ensemble measurement 
(Supporting Information Figure S1b), but the line shape is much narrower because the single-
particle scattering measurement excludes inhomogeneous broadening associated with Au NR 
size polydispersity in the ensemble measurement. The signal for s-polarization is much stronger 
than that for p-polarization, since the electric field under s-polarization and the longitudinal axis 
of the Au NR are both parallel to the plane of the substrate. Features associated with out-of-plane 
electric fields (i.e. perpendicular to the Au NR) are expected to be weak due to the low scattering 
efficiency of the transverse plasmon mode. The peak that appears for p-polarization is instead 
due to a weak excitation of the longitudinal plasmon resonance by the small in-plane component 
of the electric field.  
  
 
Figure 2. Darkfield scattering spectra of the structures shown in the inset SEM images: (a) one, 
(b) two, and (c) three Au nanorods assembled along the edges of a triangular template. Excitation 
light with electric field Ei is incident from the right at an elevation angle of 10° with either p-
polarization (black) or s-polarization (red). Within each panel, intensity is normalized by the 
peak intensity of the s-polarization spectrum.  
For the structure containing two NRs (Figure 2b), the scattering spectrum exhibits two 
peaks. The more intense peak (at around 965 nm) is red-shifted with respect to the longitudinal 
plasmon resonance of the single rod, while the weaker peak (at around 765 nm) is blue-shifted.  
This behavior is consistent with the hybridization of the longitudinal resonances of the two 
individual NRs into collective bonding and antibonding modes appearing at lower and higher 
energy, respectively, as previously reported for non-collinear NR dimers.19,21,22,29 The bonding 
  
mode arises from charge oscillations that set up head-to-tail electric dipoles in the two NRs, 
while the antibonding mode is associated with head-to-head electric dipoles. The greater relative 
intensity of the long-wavelength bonding mode seen in Figure 2b is also consistent with 
previous observations.22  
Upon completing the construction of the NR triangle with the addition of the third NR, 
the scattering spectrum displays two closely-spaced features (Figure 2c). Previous reports on 
trimers made up of spherical particles6,30 and of fabricated elongated Ag disks9 suggest that the 
features may arise from two distinct plasmon resonance modes, one with electric dipole character 
and the other with magnetic dipole character. The electric mode contains head-to-head 
arrangements of electric dipoles in the plane of the structure and therefore a non-zero net electric 
dipole moment. In contrast, the magnetic mode (at a different energy) is associated with a head-
to-tail arrangement of electric dipoles along the long axes of the NRs, setting up a circulating 
pattern around the periphery of the triangle. In this configuration, a magnetic dipole is oriented 
perpendicular to the plane of the triangle, while there is no net electric dipole moment in the 
plane. The magnetic mode is expected to have a lower energy than the electric mode,9,30 which is 
consistent with an assignment of the low-energy 860 nm feature as a magnetic mode and the 
higher-energy 775 nm feature as an electric mode. Interpretation of the plasmon modes in the 
trimer structure is further confirmed using numerical simulations, discussed below. 
The experimentally measured scattering spectra of the Au NR trimers are sensitive to 
structural deviations in the NR arrangement. To illustrate, Supporting Information Figure S4 
presents scattering spectra from nine different NR trimers. While the spectra generally exhibit 
two or three peaks in the 700–950 nm wavelength range, the positions and relative intensities of 
the peaks vary. There are several sources that contribute to this variation that can be seen by 
  
examination of the inset SEM images. First, there is some polydispersity in the size of the 
individual NRs that make up the trimers. Second, the spacing between individual Au NRs (and 
therefore the strength of their coupling) varies. Third, there are small angular deviations of the 
rod alignment with respect to an ideal equilateral triangle. Symmetry breaking induced by these 
geometrical variations may have important consequences for the formation of Fano interferences 
between different plasmonic modes.9,30  
To better understand the plasmon modes and spectral features of the three-rod structure 
as well as their dependence on geometrical parameters, we numerically simulate the optical 
response as the length of one of the rods is systematically varied. We first consider illumination 
from the right under s-polarization (Figure 3a, solid lines). When the length of all the rods is the 
same (110 nm) and the structure has three-fold rotational symmetry, the spectrum consists of a 
peak at 845 nm with a broad shoulder extending into the near-infrared (Figure 3a, top). 
However, breaking the symmetry by reducing the length of one NR to 92.5 nm (Figure 3a, 
middle) introduces additional features (I: peak at 833 nm, II: dip at 882 nm, III: peak at 935 nm), 
which are very similar to those in the experimental s-polarization spectrum of Figure 2c. It is not 
surprising that the experimental spectra more closely match the simulation with uneven NR 
lengths than that with perfect symmetry because of the inherent asymmetries of the self-
assembled structures. Further reducing the length of the rod to 80 nm in the simulation blue-
shifts and increases the relative magnitude of the long-wavelength peak (Figure 3a, bottom). The 
continuous spectral evolution as the rod length is varied from 110 nm to 80 nm (Figure 3b) 
illustrates that while the position of the peak at ~835 nm is relatively insensitive to the symmetry 
breaking, the long-wavelength peak continually blue-shifts and intensifies as the rod length 
decreases. The fainter sub-peak in the simulation at <800 nm (likely associated with excitation of 
  
the longitudinal plasmon mode in the shortest NR) also continues to blue-shift, becoming more 
distinct in wavelength from the major peaks. These trends are exhibited by the experimental 
spectra in Supporting Information Figure S4, where structures having one NR that is clearly 
smaller (e.g. panels b and c) display three well-separated peaks with the long-wavelength peak 
having greatest intensity. We note that while we have focused here on changing just one NR’s 
length, the combination of variations in all three NRs’ translational, rotational, and extensional 
degrees of freedom result in the range of spectral responses observed for the experimental 
structures. 
 
Figure 3. Simulations of the optical response of a Au nanorod trimer under s-polarization. (a) 
Scattering cross section for trimers with one nanorod having the indicated length. Solid curves 
are for light incident from the right with electric field parallel to the y axis, and dotted curves are 
for light incident from the bottom with electric field parallel to the x axis. (b) Evolution of the 
scattering spectrum as the length of one nanorod is decreased from 110 nm (all three rods equal 
in length) to 80 nm (highest asymmetry). The color scale represents the scattering intensity in 
arbitrary units, and the dashed lines are guides to the eye. Light is incident from the right with 
electric field parallel to the y axis. (c) Spatial maps of electric field intensity (top row) and out-
  
of-plane (z-direction) magnetic field intensity (bottom row) at the wavelengths indicated by the 
labels I, II, and III in (a). Light is incident from the right with electric field parallel to the y axis. 
Superimposed arrows highlight the characteristics of an electric dipole (I) and magnetic dipole 
(III). 
In order to interpret the modes associated with the scattering features, maps of the electric 
field distribution at the corresponding wavelengths are simulated (Figure 3c). For peak I, a head-
to-head arrangement of the electric dipoles associated with each rod is observed, giving the mode 
an overall electric dipole. In contrast, for peak III, a head-to-tail or circulating arrangement of 
dipoles is seen, implying an orthogonal magnetic dipole. The mode in the region of the dip II 
appears to possess some magnetic and some electric dipole character, and the reduced scattering 
intensity here may be associated with Fano interference between the electric (peak I, i.e. bright 
mode) and magnetic (peak III, i.e. dark mode) resonances. We emphasize that the dip and the 
distinct spectral features from the electric and magnetic modes are only clearly identifiable as a 
consequence of symmetry breaking and are not present for the simulated structure having three 
identical NRs. Previous theoretical and experimental studies have illustrated the importance of 
symmetry breaking for enhancing excitation of magnetic plasmon modes that may be otherwise 
spectrally dark.9,30–32 While the bright electric mode and the subradiant magnetic mode for a 
perfectly symmetric trimer under normal incidence are orthogonal and non-interacting, even a 
small displacement of the individual nanocrystal locations can disrupt the orthogonality and 
enable interference between the modes.30 Such a Fano resonance would contribute an 
asymmetric line shape to the spectrum, which can be seen in several of the experimental spectra 
of Supporting Information Figure S4.  
If the direction of the simulated incident light is rotated azimuthally so that the electric 
field is parallel to the x axis (parallel to the base of the triangle), the resulting spectra for the 
  
asymmetric trimers (dotted lines in Figure 3a) exhibit increased intensity of the main electric 
dipole peak (peak I) relative to the long-wavelength peak (peak III) in comparison to when the 
electric field is parallel to the y axis (solid lines in Figure 3a). This may indicate that an electric 
dipole mode is more favorable under this excitation geometry, likely because the incident field is 
now completely parallel to the long axis of one of the NRs. This spectral shape is consistent with 
the experimental p-polarization spectrum of Figure 2c, for which the in-plane electric field 
component is also parallel to the NR at the base of the triangle. An additional factor is that 
preferential excitation of the magnetic versus the electric mode is strongly dependent on the 
excitation geometry, with the magnetic mode excited more strongly when the incident light has a 
magnetic field component perpendicular to the plane of the triangle.9,30 For our obliquely 
incident illumination geometry, s-polarization contains an out-of-plane magnetic field while p-
polarization does not. Therefore, s-polarization is expected to excite the magnetic mode to a 
greater extent than p-polarization. The spectra of Figure 2c show that the peak at around 860 nm 
is preferentially excited by s-polarization, while the 775 nm peak is excited by both s- and p-
polarization. 
The excitation of a magnetic plasmon mode in the triangular NR structure generates an 
enhancement of the magnetic field within the center of the triangle. As shown in Figure 3c, 
bottom, the out-of-plane magnetic field is increased by up to seven-fold in this particular 
structure. At the wavelength where the magnetic mode’s spectral feature is strongest (peak III) 
and the circulating pattern of electric dipoles is visible in the electric field map, the magnetic 
fields associated with each NR are all oriented in the same direction (same sign in Figure 3c), 
maximizing the enhancement effect.  
  
The Au NR trimers can further be classified by the 2D chirality of their geometry. While 
the template geometry possesses mirror symmetry planes along each altitude of the triangle and 
is achiral, the majority of the experimentally realized NR structures form as either “left-handed” 
or “right-handed” 2D enantiomers where the rods are displaced axially in either of two 
circumferential directions. Figure 4a illustrates the geometry of these mirror-image structures 
and presents SEM images of self-assembled trimers with each structure. Further examples are 
shown in Supporting Information Figure S4. While we have not focused on attempting to 
promote the formation of one enantiomer versus the other, we anticipate that it may be possible 
to increase the proportion of a desired enantiomer by orienting the triangular template in a 
favorable direction relative to the flow direction during assembly (see Supporting Information 
Figure S5). Although the enantiomers as illustrated can be superimposed by rotation in three 
dimensions and are therefore not chiral in three dimensions, the structures can be said to be two-
dimensionally chiral. However, if the fact that the structures are supported by a substrate is 
considered, the mirror symmetry across the plane of the triangle is then removed, which may 
render the structures fully three-dimensionally chiral. The geometry of the darkfield scattering 
measurement introduces further symmetry breaking, since the excitation is from only one 
direction. This type of excitation can result in “extrinsic chirality” in the optical response of 
otherwise intrinsically achiral structures.29  
  
 
Figure 4. (a) Schematic rendering and SEM images of self-assembled “left-handed” and “right-
handed” nanorod trimers. (b) Experimentally measured scattering spectra for the right-handed 
structure in (a) under left-circularly and right-circularly polarized illumination. (c) Circular 
differential scattering (CDS) spectrum calculated from the spectra in (b). (d) Experimentally 
measured CDS spectra measured with different azimuthal angles. Wavelength is represented 
along the radial direction and polar angles correspond to the azimuthal angle of illumination, 
with 0° defined for illumination from the right. Measurements were acquired at 30° increments, 
with intermediate angles on the plot represented through interpolation. 
Chirality in the optical response of the Au NR trimers is investigated by performing 
darkfield scattering measurements using circularly polarized illumination. By comparing the 
scattering intensity under left-circular polarization (LCP) and right-circular polarization (RCP), 
the preference of the structure for interaction with light of a certain chirality is evaluated. To set 
up LCP and RCP in our darkfield scattering system, a quarter wave plate is inserted in the 
excitation path after the linear polarizer. By orienting the fast axis of the quarter wave plate at 
± 45° with respect to the axis of linear polarization, LCP or RCP illumination is obtained. The 
  
absence of significant residual linear polarization (which would result in elliptical rather than 
circular polarization) is confirmed by measuring the illumination intensity as a second linear 
polarizer is rotated after the quarter wave plate (see Supporting Information Figure S6).  
The degree of chiroptical response is assessed by calculating the percent circular 
differential scattering (%CDS): 
 %CDS =  
(𝐼𝐿𝐶𝑃−𝐼𝑅𝐶𝑃)
(
𝐼𝐿𝐶𝑃+𝐼𝑅𝐶𝑃
2
)
× 100% (Eq. 1) 
where ILCP and IRCP are the scattering intensities under LCP and RCP illumination, respectively. 
An example is pictured in Figure 4b,c, which shows individual scattering spectra for LCP and 
RCP illumination and the resulting %CDS spectrum for a representative right-handed NR trimer 
structure. The spectra indicate that each of the peaks shows a preferential excitation by either 
LCP or RCP illumination, leading to a characteristic bisignate line shape with positive and 
negative values of %CDS.  
To evaluate whether the nonzero %CDS may be a result of the particular azimuthal angle 
of excitation used (0°, or incident from the right in Figure 4a), the %CDS is measured at 
increments of 30° over a full 360° in-plane rotation of the sample about the z axis. The resulting 
spectra for the right-handed trimer (compiled as a polar plot in Figure 4d) display peaks of 
positive and negative %CDS that invert in sign as the azimuthal angle is modulated. A similar 
polar plot for a left-handed trimer is presented in Supporting Information Figure S7. To gain 
further insight into this rotational dependence, the scattering spectra for LCP and RCP 
illumination are simulated and the %CDS calculated for both a left-handed and a right-handed 
NR trimer structure (Figure 5). As in the experimental data, the polar plot representations of the 
simulated %CDS spectra clearly illustrate that the chiral response is maximized for certain 
rotations (the bright regions indicating significant positive or negative %CDS) and is nearly zero 
  
for other rotations (the four dark radial bands in each polar plot). Both the experimental and 
simulated plots highlight the bisignate nature of the %CDS, with the bright lobes at short 
wavelength inverting in sign at longer wavelengths. The difference between the polar plots for 
the left-handed and right-handed structures indicates that the handedness of the 2D structures in 
relation to the excitation light is significant. Despite the fact that the NR axes form an equilateral 
triangle in both cases, the sense of rotation in the NR displacements and the symmetry breaking 
of the shorter NR determine the differential interaction with left- and right-handed incident light. 
Simulations of symmetric and asymmetric trimers (Supporting Information Figure S8) indicate 
that the magnitude of CDS is enhanced by increased symmetry breaking. 
 
Figure 5. Simulated CDS spectra for (a) a left-handed and (b) a right-handed trimer. Wavelength 
is represented along the radial direction and polar angles correspond to the azimuthal angle of 
illumination, with 0° defined for illumination from the right.  
 
CONCLUSIONS 
We employ triangular templates to direct the assembly of Au NRs along the edges of an 
equilateral triangle. Using spatially-resolved, darkfield scattering spectroscopy in concert with 
  
numerical simulations, we characterize the collective surface plasmon resonances of individual 
one-, two-, and three-rod assemblies. The Au NR assemblies exhibit rotation- and polarization-
dependent hybridized plasmon modes, which are sensitive to the variations in NR size, position, 
and orientation that lead to geometrical symmetry breaking. The triangular arrangement of NRs 
supports magnetic plasmon modes where electric fields are directed along the perimeter of the 
triangle and the magnetic field intensity within the triangle’s interior is enhanced. 
Circumferential displacements of the NRs within the templates impart either a left- or right-
handed sense of rotation to the structure, which determines the chiroptical properties of the 
structure under unidirectional oblique illumination.  
Appreciating the role of geometry and the interplay of individual modes in the collective 
optical response of nanocrystal configurations achieved through self-assembly points toward 
engineering unconventional NR metamolecules (such as the open triangle presented here) that 
possess advantageous functionality. For example, as well as setting up an amplified magnetic 
field, the NR trimer structure can also serve as a physical template for self-assembling a 
nanocrystal component within the triangle using a sequential nanocrystal assembly technique.27 
We envision that a magnetically active material introduced within the center of the triangle will 
experience an enhancement of its magnetic response to light, such as in the excitation of 
magnetic dipole transitions in rare-earth-doped phosphor nanocrystals. Further efforts to more 
precisely tailor geometrical symmetry breaking will enable improved spectral control through 
phenomena such as Fano resonance and CDS. Leveraging template-directed assembly, and 
informed by an understanding of NR plasmon mode engineering, we gain access to previously 
underexplored NR metamolecule motifs.  
  
  
METHODS 
Au NR Synthesis. The Au NRs are synthesized by a seeded growth method according to a 
previously reported recipe.33 The Au NRs have an average length of 110 ± 8 nm and diameter of 
22 ± 3 nm (aspect ratio 5:1) as measured by TEM.  
Template Fabrication and Nanocrystal Assembly. Double-side-polished germanium wafers 
(undoped, 250 μm thickness, Wafer World Inc.) serve as the substrate. A germanium substrate is 
chosen instead of silicon to avoid scattering artifacts in the near-infrared (NIR) that can arise 
with silicon due to its NIR transparency. After sonication in acetone and rinsing with acetone and 
isopropyl alcohol (IPA), the wafers are cleaned using an O2 plasma (Gatan Solarus) for 5 min. 
Then, 250 nm of SiO2 is deposited on the wafers by plasma-enhanced chemical vapor deposition 
(PECVD, Oxford Plasmalab System 100). The SiO2 thickness is confirmed using spectral 
reflectance measurements (Filmetrics F40). Poly(methyl methacrylate) (PMMA) positive e-beam 
resist (MicroChem) is spun onto the substrate in two layers: (1) 495K molecular weight (MW) 
PMMA (1% solids in anisole) is spun at 4000 rpm for 90 s followed by a 4 min bake at 180 °C, 
and then (2) 950K MW PMMA (1% solids in anisole) is spun at 4000 rpm for 90 s followed by a 
4 min bake at 180 °C. The total PMMA thickness measured by spectral reflectance is 55 nm. The 
template pattern is written by electron-beam lithography (Elionix ELS-7500EX) using a 50 kV 
accelerating voltage and a 50 pA beam current. The resist is developed by a 90-second 
immersion in a solution of methyl isobutyl ketone (MIBK) and IPA of a 1:3 ratio, followed by 
rinsing with IPA. An 8-s O2 plasma descum treatment is then performed, resulting in a final 
PMMA thickness of 43 nm. Au NRs are assembled using a custom-built capillary assembly 
apparatus described previously.27,28 An aqueous dispersion of Au NRs is dispensed between the 
substrate and a fixed glass slide. The substrate is translated by a motorized linear stage (New 
  
Focus Picomotor) at a rate of 8 μm/s, and capillary forces at the meniscus direct the assembly of 
NRs into the template features. The entire assembly apparatus is enclosed in a humidity-
controlled environment, and the substrate temperature is regulated by a water-cooled stage 
monitored by a thermocouple. During assembly the substrate temperature is 25 °C, and the 
ambient dew point is maintained at 10 °C through the controlled introduction of dry nitrogen. A 
total of two sequential assembly passes on the same substrate are performed using the same 
parameters for each. Following assembly, resist liftoff is performed by soaking in acetone. 
Structural and Optical Measurements. Scanning electron microscopy is performed using a 
JEOL 7500F HRSEM and an FEI Quanta 600 ESEM operating at 10 kV. Transmission electron 
microscopy is performed on a JEOL JEM-1400 TEM operating at 120 kV. Reflection-mode 
darkfield scattering is collected using a modified Olympus BX51 microscope. White light from a 
150-W quartz tungsten halogen lamp with an aluminum reflector is routed to the microscope 
through an optical fiber bundle. After collimation by a plano-convex lens, the light passes 
through a rotatable broad-band linear polarizer before being refocused on the sample surface by 
another lens. For measurements of circular differential scattering, a broad-band quarter wave 
plate (Thorlabs SAQWP05M-1700) is inserted after the linear polarizer, and the fast axis of the 
wave plate is aligned at ± 45° to the plane of linear polarization to establish left-circular and 
right-circular polarization. The illumination spot is projected across the entire field of view of the 
collection objective. The elevation angle of the illumination is approximately 10° above the 
plane of the substrate. The azimuthal angle of the illumination with respect to the sample can be 
varied by rotating the sample on a rotation–translation stage (Olympus U-SRP, U-FMP). 
Scattered light from the sample is collected by a NIR-optimized objective lens (Olympus 
LCPLN50XIR, NA 0.65). The indicated illumination and collection geometry establishes a 
  
darkfield configuration where direct reflection of the incident light is outside the collection cone 
of the objective. The scattered light is routed by a 100-μm-core optical fiber to the final stage of 
a Princeton Instruments Tri-Vista 555 spectrometer equipped with a PIXIS-256E Si 2D array 
detector and an OMA-V InGaAs linear array detector for visible and NIR measurement, 
respectively. Each scattering spectrum is normalized by the spectral profile of the illumination 
source, followed by subtraction of baseline scattering from a blank area of the substrate 
containing no Au NRs. Scattering spectra are processed when appropriate with a Savitzky-Golay 
filter to reduce instrumental noise. 
Simulations. The numerical simulations are performed using the frequency domain solver of the 
commercial software COMSOL Multiphysics®. Gold is used for the NRs with a dispersive 
complex permittivity following Johnson and Christy’s experimental data.34 The NRs are 
immersed in a vacuum cube (r = 1) with lateral dimensions 500 nm and placed on top of a 
square SiO2 layer with thickness 250 nm. Finally, a semi-infinite Ge cube (with the same lateral 
dimensions as the SiO2 and the vacuum cube) is placed below the whole structure as a substrate. 
The NRs are illuminated with an oblique incident wave (under different polarizations) with an 
elevation angle of 10 degrees above the plane of the substrate, and the whole structure (NR + 
SiO2 + Ge substrate) is covered with a perfectly matched layer to avoid undesirable reflections. 
For each polarization (p-, s-, LCP, and RCP) different simulations are performed and the 
scattering cross-section is calculated as: 
 𝑆𝑐𝑎𝑡𝑡𝑒𝑟𝑖𝑛𝑔 = 
1
𝐼0
∮ Re{𝑬𝒔 × 𝑯𝒔
∗} ∙ ?̂?𝑑𝑆
𝐴
  
where I0 = |E0|
2/(20) is the incident power density and Es and Hs are the scattered electric and 
magnetic fields, respectively. 
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